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I.    INTRODUCTION 

The Electrical Geophysics Research Laboratory of The University 

of Texas at Austin has been developing over the past four years an ultra- 

sensitive stationary magnetic anomaly detection system.   This sytem 

operates in the micropulsatlon frequency range from 0.001 to 1 Hz and Is 

capable of detecting the magnetic anomaly produced by the passage of 

ships or other permeable objects.   The term magnetic gradlometer is used 
to describe this detection system. 

Operation of the magnetic gradlometer is based on the following 

principles.   The natural geomagnetic micropulsatlon fields tend to be re- 

latively uniform in space.   In most cases the magnetic fields of an 

anomaly, such as a passing ship or automobile, are more localized in 

space than are the micropulsatlon fields.   A simple method for detecting 

the anomaly is to form the difference between parallel components of the 

magnetic field variations measured at each end of a baseline.   The micro- 

pulsatlon field variations affect the sensors at both ends of the baseline 

almost equally.   They tend to subtract out in the difference trace.   The 

micropulsatlon field variations are thus nulled in the difference trace. 

Although the system operates as a gradlometer for nulling the low gradient 

micropulsatlon noises, it does not operate as a gradlometer on the target 

signals.   The target anomaly, with its localized field, will affect the field 

component of the near sensor more than the field component at the other 

end of the baseline.   The relatively large baseline separating the two mea- 

suring points causes each magnetic sensor to operate almost independently 

when sensing a target signal within the detection range.   The target anomaly 
Is not nulled by the differencing process. 

This simple differencing scheme provides a considerable reduction 

In the detection system noise to a level below that of the mean micropulsatlon 

activity.   The result is an improvement in the ratio of anomaly signal to the 
residual micropulsatlon noise level in the difference trace. 
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The detection capabilities of the gradiometer depend upon several 

parameters of the target itself, none of which are controllable, and the 

degree to which it is possible to obtain a perfect null in the absense of a 

tavget.   There are three important factors contributing to the amount of 

noise power in the null: 

1. The micropulsation source wave is not perfectly coherent over 

the spearation distance. 

2. Noise in the measuring and recording equipment. 

3. The effect of the local geology on the magnetic field variations. 

The first factor is uncontrollable and imposes an ultimate limit on the detec- 

tion range of the syst^"i.   It is the puspose of this report to describe the 

progress which has been made in the reduction of the noise resulting from the 

last two factors.   Results are presented for the magnetic gradiometer detec- 

tion of ship passage at ranges up to one mile during a series of tests at 

Port Aransas, Texas, in the summer of 1971.   In addition, the results obtained 

from a field test program designed to demonstrate the capability of removing 

the geology effects are included.   These tests were conducted near Manor, 

Texas in the summer of 1972. 

II.   THE MAGNETIC GRADIOMETER 

For the magnetic gradiometer detection system the prime objective is 

the cancellation of the natural micropulsation field as completely as possible 

between tiu two measuring points.   In regions where the geology is fairly 

uniform over the separation distance, cancellation may be accomplished by 

the simple differencing scheme.  However, when the geology is more complex 

the micropulsation source wave will undergo reflections that can cause signifi- 

cant spatial variations.   In this case the cancellation (and thus detection 

performance) will deteriorate due to the local geology effects and a multi- 

component system is needed to reduce the micropulsation noise. 
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A. Local Geology Effects 

Mlcropulsation fields are vector fields for which it is 

characteristic that the orthogonal components are incoherent to some degree. 

It can be misleading to consider relationships between only the parallel com- 

ponents at the two measuring sites If there are significant changes in the 

geology between the sites.     A portion of the energy in the measured component 

is due to the reflected wave.   Any inhomogeneities in the geology between 

the two sites may change the reflected wave at one site both in intensity and 

direction relative to the other site.   Thus any component of the measured 

mlcropulsation field at one site may appear to have a measure of Incoherence 

with the respective component at the other end of the baseline due to the 

geology effects. 

These effects are equi/alent to a misalignment of the two 

component sensors even if they are geometrically parallel.   Furthermore, 

the effective misalignment is a variable of frequency since the effect of the 

inhomogeneous earth is a variable of frequency.   As Madden [7] points out, 

a more involved treatment is necessary when dealing with vector fields, and 

the full vector relationships must be considered. 

B. Geology Filter Model 

A simple model for simulating the effects of the local geology 

upon the measured mlcropulsation field is given as follows.   Consider that 

the earth acts as a two-input-channel linear filter.   The inputs to the filter 

are the two orthogonal components of the mlcropulsation source wave, which 

are assumed to have some degree of independence.   The transfer characteristics 

of the filter are determined by the geology below the measuring site.   The 

three orthogonal components of the reflected wave are the outputs d the 

filter.   Each horizontal component of the measured mlcropulsation field is 

composed of an incident and a reflected wave.   This is reprer'inted in the 

model by the sum of an input and an output of the filter.   The vertical compo- 

nent of the measured field is assumed to be strictly a secondary field.   The 

model is shown in Figure (2-1). 

lumm mimt 
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The model shown in figure 2-1 represents the effect of the 

geology below one of the measuring sites.   At the other end of the baseline 

the geology and thus the geology filter may be considerably different.   In 

this model it is assumed that there exists an equivalent transfer function 

which relates the transfer function of the fiker for one site to the transfer 

function of the filter for the site at the other end of the baseline.   If the 

equivalent transfer function is known or can be estimated, it may be applied 

to the measured components at one site.   The result can then be differenced 

with the components at the other site to null the micropulsation field. 

The above model is equivalent to assuming that there exists 

a linear relationship between the three components of the measured micro- 

pulsation field at one site, called the base site, and any single component 

of the measured field at the other site, called the remote site. 

Hr(f)   -   HD(f) -A(f)H   (f) -B(f)H   (f) - C(f)H   (f) 
r K x y z 

(2-1) 

In Equation (2-1), H   (f) is the Fourier transform, at frequency f, of the output 
K 

of a single component sensor at the remote site; H   (f), H  (f), and H (f) are 
x y z 

the Fourier transforms of the three orthogonal components at the base site. 

The terms A(f), B(f), and C(f) represent the linear relationship between the 

remote and base sites and are called the geology filter. 

The residual term H  (f) is a noise term and is identified as 

the filtered null.   Equation (2-1) is called a cancellation process since it is 

an attempt to completely null the micropulsation fields observed at the two 

sites.   In the absence of a target signal, a non zero filtered null may be 

attributed to 

1. Measurement noise, 

2. Imperfect estimation of the geology filter , 

3. Spatial incoherency or gradients in the source wave. 

When the target signal or anomaly occurs, it will again perturb the field 

at the near sensor{s) and will not be present to any degree at the far senKor(s) 
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The anomaly signal is thus in the filtered null output with the residual micro- 

pulsation noise reduced due to application of the geology filter. 

III.   ESTIMATION OF THE GEOLOGY FILTER 

A.   Estimation 

Since the geology parameters are not known precisely for a 

particular gradiometer site, the geology filter must be estimated from micro- 

pulsation data measured at that site.   Once the data is acquired from the site 

in question, it may be digitized and the estimation performed using a digital 

computer.   It is possible to estimate the geology filter weights In the time 

domain or to estimate the geology transfer function in the frequency domain. 

In either case, one may invoke the minimum mean-square error criterion. 

As implemented, the two approaches are not exactly equivalent; the major 

differences are the spectral windows involved and the computational effort 

required.   Estimation in the frequency domain is preferred here. 

The discrete Fourier transform is computed for each of the 

three orthogonal components of the measured micropulsatlon field at the 

base site and also the single component at the remote site.   These transforms 

will again be denoted by H (f), H  (f), H (f), and H  (f), respectively.   Once 
x y z R 

the transforms have been obtained, the geology filter, A(f), B(f), and C(f) 

can be estimated in the mean square sense by defining an error function. 

E(f)   =   H_(f) - A(f)H   (f) - B(f)H  (f) - C{f)H  (f). 
K x y z 

(3-1) 

The correspondence of the error function and the geology filter model, 

equation (2-1), is noted.   Recall, however, that the field components were 

obtained from physical measurements and the transforms will contain 

measurement noise. 

The mean-square error is 
n 

*   " I  ElW Elf(f) 

1=1 
n 

= Y [HRi(f) - A(f) Hxi(f) - B(f) H    (f) - C(f) Hzl(f)] 

1=1 
yr 

[H^if) - H^f) A*(f) - H* (i) B*(f) - Hz* (f) C*(f)] (3-2) 

Mi 
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where there are n measurements of the field components at the discrete 

frequency f.   The superscript asterisk indicates the complex conjugate. 

Estimation of the geology filter is made by minimizing the mean-square 

error with respect to each of the real and imaginary parts of the filter. 

One finds the values of A(f)/ B(f), and C(f) that minimize ♦ by setting 

il 
SReU(f)] 

aRelB(f)} 

^ 
9lm[A(f)} 

Jb± 
aim{B(£)J 

M. 
öRelC(f)i 

_91 
aim{C(f) 

=   0 

=   0 

=   0 

(3-3a) 

(3-3b) 

(3-3c) 

where Re I   1 denotes the real part and Im{   j denotes the imaginary part. 

The following set of equations follow from the above, 

n n n n 

)     HD.H   . = A   )    H   .H   . + B )   H ^H , + C )   H  .H (3-4ä) 
t-      Rl  xi L.     xi  xi        L     yi  xi ^     zi  xi 

1 = 1 

n 

i=l 

n 

1=1 

n 

i =1 

n 

Y HD,H *    = A Y H  .H*.    + B y H  .H* . +   C y H  .H*     (3-4b) 
/-■    Ri   vi u   xi   yi L    yi   yi Z^    zi   yi yi L*   xi   yi 

1=1 i=l 1=1 1=1 

n n n n 
y HD.H*    = A y   H .H*   + B  )    H  .H*, + C y H 4H*.    (3-4c; 
/L    Rl   zi L.     xl   zl Z-     yi  zi ^    zi   zi 

1=1 1=1 1=1 1 = 1 

where the notation for dependence on frequency has been dropped.   Notice 

that the summations represent auto- and cross-power density spectra.   The 

solution to the above set of equations is, in matrix form, 
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[A  B   C)   = [HRH* HRH; HRH;] H  H* 
X    X 

* 
H H 

x   y 
H H* x  z 

H  H 
y x 

H  H* 
y y 

* 
H H 

y z 
(3-5) 

* * * 
H  H       H H      H H z  x       z   y       z   z 

where A, B, and C are estimates of the true geology filter and the bar 

indicates the averaging process.   Estimation of the geology filter is 

reduced to obtaining reliable estimates of the auto- and cross-power 

spectral densities. 

In magnetotelluric analysis, apparent resistivity curves 

are smooth and regular when they are plotted on log-log scales.   Investi- 

gators in this area [12, 13] find it natural to employ a logarithmic type of 

bandiwdth averaging in the estimation of these same spectral densities 

considered here.   Frequency bands are used whose center frequencies are 

equispaced on a logarithmic scale.   This is termed constant Q averaging. 

The geology filter is an attempt to model geology differences, not the 

geology itself.   However, physical intuition leads one to believe that 

the geology filter should also be slowly varying with frequency.   There 

are many so-called spectral windows discussed in the literature [1].   It 

appears that the particular window used is mostly a matter of choice for 

the application at hand.   The constant Q averaging type of spectral window 

seems a logical choice for this work. 

B.   Application 

For the estimation and subsequent application of the 

geology filter in the frequency domain, a discussion of the techniques 

Involved is presented here.   The discrete Fourier transformation of the 

digitized data from any one of the four coils may be written as 

H(fl   - ^   h(t) e-)2nft/N (3-6) 

t=ü 

mmm mamMaMammmt mmm ii. ii 
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where the harmonic number index, f = {0,  1, 2, ..., N-lj, and the dis- 

crete time index, t = lO, 1, 2, ..., N-li.   There are N sample points in 

the time series.   For the Fast Fourier Transform algorithm, N is chosen as 

a power of 2, usually 8192 for this work. 

If the time series is digitized at intervals of At = 6.4 seconds, 

the fundamental frequency is 

f    = o 
1 

NAt (3-7) 

and the true frequency at any one of the harmonics is obtained by multi- 

plying the harmonic number by the fundamental.   The folding or Nyquist 

frequency is 

f
N" 

1 
2 At (3-8) 

Since the time series h(t) is a real-valued function, the real part of 

H(f) is symmetric about the folding frequency f   .   The imaginary part of 

H(f) is antisymmetric about the folding frequency. 

After the transforms, Hn(f), H  (f), H (f), and H (f) are R ^      x y z 
obtained; the raw power spectra, H.(f) H (f), are computed for each harmonic 

frequency up to the folding frequency, 

where 

f  =   {0, 1, 2,  ..., | }, 

i   =   Ix, y, z, Rj , 

J   =   Ix, y, z, Rj . 

The average spectra, H (f)H  (f), is the result of constant Q averaging. 

After this type of smoothing, the frequency components of the average 

spectra are reduced from [JT + 1J    and are equispaced on a logarithmic 

scale. 

WMm*mt* ~~*~ äJ^M^ä^^iätMätmmaaaMM^tmUimM-mmiiii'^Mi    li   MMt 
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These average spectra are inserted into equation (3-5) for 

estimation of the geology filter.   The resulting estimate is also evenly 

spaced on a logarithmic scale.   Recall from equation (2-1) that the geology 

filter must be applied to the data to obtain the filtered null H (f).   Since 

the data, H  (f), H (f), H (f) have frequency components which are linearly 

spaced, the estimate of the geology filter is interpolated at equal incre- 

ments in frequency.   The interpolation is made using a cubic spline fit [9]. 

Then the filter can be applied to yield the null.   The result can then be 

inverse transformed to present the filtered nul.'       a time function. 

IV.   DATA ANALYSIS 

A.   Data Acquisition 

Estimation of the geology filter requires data measured at 

the site where the magnetic gradiometer is to be used.   The data used in 

the following analysis was obtained with the magnetotelluric instrumenta- 

tion system developed by the Electrical Geophysics Research Laboratory at 

The University of Texas at Austin.   This syslem has been discussed in detail 

by Word [19], Bostick [3], and Hopkins [7].   Only a brief description will be 

given here. 

The system is equipped to measure the three orthogonal 

components of the micropulsation field in the frequency range from about 
-4 

10     to 1 Hz.   In addition, for magnetotelluric application, two horizontal, 

orthogonal components of the electric field are measured in this same band 

of frequencies.   The sensors for the magnetic field are induction type 

component magnetometers.   The electric field is sensed by a voltage 

difference measurement between two electrodes.   The signals from the 

sensors are carried by cable to an instrumentation van.    Here, the signals 

pass through various stages of amplification and filtering prior to being 

imi—^fcfriif.'M-  -*■■ 
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recorded by an FM magnetic tape recorder.   A time channel, provided by 

a precision chronometer, is simultaneously recorded with the signals. 

This, in brief, contributes a basic magnetotelluric instrumentation system. 

For the magnetic gradlometer application, a fourth induction coil is located 

at a remote site.   The output of this magnetometer is amplified and filtered 

and then telemetered to the instrumentation van for recording.   The seven 

channels are recorded continuously for durations up to 17 hours.   The data 

on the magnetic tape, called a run, is returned to the laboratory for analog- 

to-digital conversion and subsequent analysis. 

Two gradlometer sites were made to obtain data for this 

study.   The first site was made furing the summer of 1971 in the vicinity 

of the Corpus Christi ship channel at Port Aransas, Texas.   The second 

site was made near Manor, Texas in the summer of 1972. 

B.   Port Aransas 

The experiments at Port Aransas were conducted mainly to 

Investigate the capability of the magnetic gradlometer to detect the passage 

of ships in the Corpus Christi ship channel.   However, the series of 

measurements obtained served several purposes.   At that time, the remote 

sensing unit, including the telemetering system, had not been field tested. 

It was important to establish the quality of the signal received from the 

remote site.   Another important objective was to acquire actual data from 

a muIticomponent gradlometer for testing the computer programs used for 

estimation of the geology filter.   Although previous experiments had 

established that the simple differencing type gradlometer could be used 

effectively as a magnetic anomaly detection system, no multicomponent 

data was available prior to these measurements.   The final objective was 

to study the spatial coherency of the fields over the baselines employed. 

The effect of varying the gradlometer baseline and the remote 

site distance from the ship channel (detection range) was investigated. 

|||||n^■■■^■- '-        -      ■■^•li;-     ■''**'■ 
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These tests were performed to establish guide lines for possible use of the 

gradiometer as a detection system.   The results can only serve as an indica- 

tion of what one might encounter at a different site with different perturbation 

fields.   Figure (4-1) shows the configuration of the measurement sites in 

relation to the ship channel.   In these tests only the two horizontal compo- 

nents of the magnetic field variations were measured at the base site.   Lack 

of equipment prevented the measurement of the vertical component, but 

this posed no real problem for this particular area.   Due to the uniform and 

highly conductive sediments in this region, the vertical component of the 

field is very small compared to the horizontal components.   The two compo- 

nents at the base site were measured perpendicular and parallel to the ship 

channel.   The perpendicular component is designated as H   and the parallel 

component is H  .   Three remote sites were used at ranges of 1700, 3400, and 

5400 feet from the ship channel.   At the remote site, the component of the 

field that was parallel to the channel was measured and is denoted H   .   The 
K 

raw null, using the simple differencing scheme, is 

HD(t)   =   Hy(t) - HR(t). (4-1) 

Several recordings which were made during the time that a 

ship passed through the channel are displayed to demonstrate the ability 

of the gradiometer to detect at the various ranges.   The ships were generally 

less than 8,000 tons, between 350 and 600 feet long, and had speeds in 

the range from 8 to 10 knots.   When known, the names of the ships are 

noted in the figures. 

The simple differencing scheme, equation (4-1), is used to 

obtain the null H    presented in the figures.   The component of the field that 

is perpendicular to the channel, H  , is displayed; although it is not used 

for the detection.   According to the polarity convention used H   is opposite 

in phase to H .   The difference trace H    ha" 5 times the sensitivity of the 

other traces. 

tmm  « ——- 
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Figure 4-1  Port Aransas Gradiometer Site 
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For the data displayed in Figure (4-2) the remote site was 

located at a distance of 1700 feet from the center of the ship channel.   A 

clear signature of the ship appears in the null H   .   At this limited range, 

the ship passage is also apparent in the remote site trace H  .   However, 
K 

it is not seen In either H   or H  .   This figure is typical of the short range 

data.   Detection can usually be made from the H   trace alone, but signal- 

to-noise ratio is better in the null H   .   Figure (4-3) is typical of ship 

passages for the 3400 feet range.   The major difference to be noted here 

is that the ship signature is no longer apparent in the H   trace as it was 
K 

in Figure (4-2).   At the longer ranges the ship, with its localized field, 

produces only a small perturba:ion on the natural micropulsation field. 

The signature of the ship is detected in the null since in this trace the 

micropulsation field variations have been cancelled to a large degree.   A 

ship passage for the 5400 feet range is shown in Figure (4-4).   This figure 

is not truly representative of all the data at this range.   At times the 

background noise level in the null is too large to make a sure detection 

possible. 

Without ship passage the residual noise level in the null is 

on the order of 50 milligamma peak-to-peak at the four mile separation. 

This value is not to be taken as a measure of spatial incoherency of the 

source field, since a majority of the noise was traced to the instrumentation. 

Throughout this series of measurements it appeared that a mechanical chopper 

in the preamplifier section of the measurement system was causing problems. 

The redesign of the preamplifier was initiated immediately following the Port 

Aransas tests and completed early in 1972.   Subsequent tests show the 

system noise level is reduced by approximately a factor of ten over the 

system used at Port Aransas. 

The experiments at Port Aransas were considered a success 

in several respects.   The remote telemetry equipment tested out well and 

MM^MM^^MMMMMI 
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Figure 4-2   Detection of Ship at 1700 Feet 
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Figure 4-3  Detection of Ship at 3400 Feet 
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Figure 4-4   Detection of Ship at 5400 Feet 
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probably most important, the measurements prompted the design of a con- 

siderably better measurement system.   With the new system. It Is estimated 

that detection of ships In the Corpus Christi channel Is possible at ranges 

extending to two miles. 

In addition to the^e experiments resulting In an Improved 

data system, the following conclusion was reached.   The two factors which 

limit the performance of the detection system are the strength of the perturba- 

tion field and the residual noise In the null.   The perturbation field Is beyond 

control   and any Improvements In detection performance must come from con- 

sideration of the residual noise in the null. 

Aside from system noise, the other possibility of improving 

detection performance is the utilization of a multlcomponent gradlometer 

system to reduce the effects of the local geology.   However, for this parti- 

cular area the subsurface is so homogeneous that a multicomponent system 

was not needed. 

C.   North Manor 

A gradlometer site was established in the summer of 1972 

near Manor, Texas.   From a magnetotelluric survey by Word [19], It is 

known that this region is geologically more complex than the Texas Gulf 

Coast.   It was suspected that the geology effects would be more pronounced 

in the measurements from North Manor. 

A base site was located at the Thurman Farm north of Manor. 

Three Induction colls were orthogonally oriented by survey.   For measure- 

ment of the electric field crossed electrode pairs were also laid out.   Two 

remote sites were used for these gradlometer measurements.   The configura- 

tions are shown in Figure (4-5).   In both cases the remote coll was aligned 

parallel co the Hx coll at the base site.  The baseline for Remote Site No. 1 

was only 1000 feet.   Data from this configuration are used to establish the 

system noise.   Remote Site No. 2 was located 10 miles to the northwest of 

the base site.   Data from this site were analyzed. 
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Figure 4-5   North Manor Gradiometer Site 
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(1) to determine the performance of the geology filter In 
a more complicated geological situation. 

(2) to consider the amount of spatial Incoherence of the 

mlcropulsatlon field over the ten mile separation. 

(3) to Judge the ability of the gradlometer system to detect 
the passage of automobiles. 

In addition, the data from the electric field measurements 

are also used.   It will be shown later how it is possible to use a standard 

magnetotelluric site as a detection system. 

1.   Remote Site No. 1 

The remote coil for these tests was installed with 

considerable care.   The field crew attempted to align the remote coll exactly 

parallel to the Hx coil at the base site.   Over the baseline of 1000 feet, it 

is assumed that spatial incoherency of the source field and the geology 

effects are negligible.   Provided that the two coils are in exact alignment, 

the power in the raw null between the two parallel colls is due to 

(a) measurement system noise, 

(b) telemetry system noise, 

(c) slightly different filter response curves for 
the individual channels. 

A typical section of data acquired from Remote Site 

No. 1 is shown in Figure (4-6).   Except for the polarity convention, the 

remote site trace H    appears identical to its parallel component H   at the 
K X 

base site.   The differences in the two traces are shown in the raw null H- 

which has a gain factor of ten.   Inspection of the raw null shows that it 

retains some correlation with H_.   This indicates a slight gain difference 

on the order of 5% between the H   and H   channels.   The gain difference is 
X R 

of no real consequence, since its removal is a simple correction.   The raw 
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Figure 4-6   Run No. 15.   Remote Site No. 1 
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null is also correlated to an extent with both H   and H  .   It Is possible 
y z K 

that the assumption of negligible geology effects and spatial coherency is 

invalid.   It is more likely, however, that the two sensors H   and H„ are not 
x R 

exactly parallel.   As previously discussed, misalignment is an Important con- 

sideration.   It may produce an apparent incoherency in the measured fields 

which is indistinguishable from the effects of inhomogeneous geology. 

Since the geology filter will account for misalignment 

as well as for geology effects, the filtered null is used here as a measure 

of the system noise.   The data from Remote Site No. 1 were used to estimate 

the geology filter in accordance with the frequency domain approach pre- 

sented in Section III.   The filtered null H (f) is obtained using Equation (2-1). 

The sample variance of the filtered null is given by 

N-2 
2 1 

2(N-1) £ [h (t+D -h (t)]: (4-4) 
t=0 

where h (t) is the inverse Fourier transform of H1,(f) and h_ is the sample mean 

N-l 

hF   =   N   I      hF(t)- 
t = 0 

(4-5) 

For the detection system, the objective is to cancel 

the micropulsation field variations between the two measuring sites.   A per- 

formance measure for the amount of cancellation is the ratio of the null variance 

to the variance of the remote site trace.   The performance figure is defined as 

^ 

PF  =   10 log10 j (4-6) 

and is presented in decibels. 

am. 
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Two runs using this remote site were judged suitable 

for analysis.   After designing and applying the geology filter for each run, 

the performance figures of -31.6 dB and -37.4 dB were obtained.   This 

indicates that the power in the filtered null is between 0.02 and 0.1% 

of the power contained in the remote site trace.   The lower figure 

represents excellent cancellation, on the order of instrumentation noise. 

2.   Remote Site No. 2 

After manual editing of the data, four runs from 

Remote Site No. 2 were considered usable for analysis.   This data is used 

to determine the amount of mlcropulsation field cancellation which can be 

expected over a ten mile baseline.   The data is also analyzed to determine 

the ability of the gradiometer to detect the passage of automobiles. 

Although it may be misleading to consider simple 

coherency relationships between parallel components of two vector fields, 

a coherency analysis was performed.   Typical auto power spectra for this 

data are shown in Figure (4-7).   The frequency content of the two parallel 

colls is almost Identical.   The sample coherence between the two parallel 

colls is defined as 

2   m  _
|HxHR*|2 

(H H  ^(H.H/) x  x       R  R 

where H H      is the average cross power spectrum at a given frequency. 
X   K 

The terms in the denominator are the two auto power spectra at this 

frequency. 

For this data, the sample coherence is consistently 
-4 -2 above 0.98 in the frequency range from 2.5 x 10     Hz to 2.0 x 10     Hz. 

This indicates that not only is there very little spatial incoherency in 

the source wave over the ten mile separation, but the geology effects are 

also small. 

iirf--",-',",""-''--^i*' 
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Figure 4-7   Typical Auto Power Spectra.   Remote Site No. 2 

tJBJÜBMlIMMlmiiillii        I   i  I—     " ■ —"^-i—'"*"'■"■ IA- 



"^^""■'"J        ."AJLVi-rU?"^'"-1.       ■■:"l-., kimM.4my^- gas.^.^ •I- - ■-  -—"— ■•■"--**«»« 
?■», i -    •*  "■™ 

....,,.I..P-J.IU^..1J.II,.I-    u.i        ■'   ^Ji^^iiWIB^ 

25 

Geology filters were estimated for each of the 

four runs using the frequency domain approach.   Each of the four filters 

were then applied to the data from which they were designed.   The results 

are presented in Table (4-1).   Tne sample variances of the remote site 

trace, the raw null, and the filtered null are each given in units of milli- 

gamma squared.   The performance figures of the raw null and the filtered 

null are presented in decibels. 

Table (4-1) demonstrates the utility of the geology 

filter, especially for detection applications.   The performance figure for 

the filtered null is approximately 14 dB better than that of the raw null. 

The reduction of power in the filtered null amounts to an improvement of 

the signal-to-noise-ratio when an anomaly is present.   For a given per- 

turbation field strength this is also equivalent to an increase in the 

detection range.   For perturbation signals that obey an inverse cube 

law, this represents an increase in detection range by a factor of 1.7. 

It is difficult to say whether the Improvement in the 

cancellation of the micropulsation field after application of the geology 

filter is entirely due to the removal of the geology effects.   It is likely 

that part of the improvement comes from correction for gain differences, 

coil misalignment, and filter mismatch; since the geology filter corrects 

for these factors as well as accounting for inhomogeneous geology.   For 

the detection system, correction for these factors is a very nice feature 

of the geology filter.   In a tactical situation it may be impossible to survey 

in the coils.   With the use of the geology filter, it is really not necessary. 

Table (4-1) also yields useful Information about 

the spatial coherency of the source wave over short distances.   The 

average performance figure for the filtered null over the ten mile base- 

line is on the order of -34 dB.   On the average the filtered null contains 

only 0.04% of the power contained in the remote site trace.   The worst 
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Run No. 

1 

8 

11 

12 

7.7x10        4.4x10        -22.4dB      17.4 

5 3 
1.0x10        1.2x10        -19.2 dB      40.0 

4 2 
7.0x10        9.6x10        -18.6dB      64.1 

1.2xl05      l.lxlO3      -20.4dB      31.6 

TABLE 4-1 

Filter Performance 

F 

-36.4 dB 

-34.0 dB 

-30.4 dB 

-35.8 dB 

iNo. Filtered By V PF 

8 11 88.6 -30.6 

8 12 84.2 -30.8 

11 8 105.6 -28.2 

11 12 123.4 -27.4 

12 8 67.2 -32.5 

12 11 104.0 -30.6 

TABLE 4-2 

Stability of Geology Filter 

26 
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case is Run No.  11 which has a performance figure of -30.4 dB.   In order 

to compare the average performance figure for the ten mile baseline to the 

system noise performance figure obtained from Remote Site No. 1, one 

must consider the reliability of the estimates.   A variance ratio test out- 

lined in the appendix indicates that the confidence interval at the 90% 

level is ± 3.4 dB.   Since the confidence interval for tne average perform- 

ance figure for the ten mile baseline and the system noise performance 

figure are overlapping, it is concluded that the differences are not 

statistically significant.   For this analysis, the system noise, although 

extremely small, is too great to allow making any concrete statements 

about spatial incoherency over a ten mile baseline. 

For application of the magnetic gradlometer as a 

detection system, an Important consideration is whether the geology filter 

improves the signal-to-noise ratio enough to warrant its use.   In some 

cases, such as for this Port Aransas area, the simple differencing scheme 

is adequate.   However, for the North Manor site. Run No. 1 will be used 

to demonstrate that the geology filter provides a worthwhile improvement 

in the signal-to-noise ratio.   Run No. 1 was selected for this analysis 

because it was known when several automobiles passed along Gregg Road. 

Gregg Road is the farm road shown in Figure (4-5).   The center of the 

three orthogonally oriented coils at the base site is 500 feet from the 

centerline of the road.   A section of the data from this run is presented 

in Figure (4-8).   Note that the H   and HR traces again have reversed 

polarities.   Hence the raw null H_ is obtained by adding H   and H^.   The D x R 
filtered null H  (t) is the inverse Fourier transform of H  (f) obtained from 

Equation (2-1).   Both H    and H   have been scaled up by a factor of ten 

over the other traces.   Time ticks are given each minute in the figure. 

A pickap truck passed along Gregg Road approxi- 

mately 12 minutes from the beginning of this section of data.   The signature 

of the truck is clear in both the raw null and the filtered null traces. 

iMMM 
^^B  -^        — 
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However, the Improvement in signal-to-noise ratio in the filtered null 

should be apparent to the eye.   The signal-to-noise ratio is defined here 

as 

'" '"^pjiii 

SNR  -   20 log10  - (4-7) 

where P is the absolute value of the peak excursion of the anomaly signal 

and a is the rms power of the noise when no signal is present.   The SNR 

for the raw null is 9.5 dB.   The filtered null has a SNR of 16.0 dB, this 

is an improvement of 6.5 dB in signal-to-noise ratio.   It is particularly 

impressive when one compares this to the signal-to-noise ratio for a 

single component, say the H   trace.   The SNR for the H   trace is approxi- 

mately -20 dB.   The filtered null provides an improvement of 36 dB. 

Another section of data from Run No. 1 is presented 

in Figure (4-9).   In this section there are two apparent signatures.   One 

occurs about the middle of the data and the other is approximately 22 

minutes before the end of this data.   The use of the geology filter improves 

the SNR to a noticable degree.   Quantitatively, the improvement is 5.0 dB 

for the first anomaly and 6.4 dB for the second. 

Comparison of the automobile signatures in these 

figures to the ship signatures shown previously shows that the time dura- 

tions of the automobile signals are much shorter than the ship signals. 

This is due primarily to the differences in range and velocity.   In actual 

operation of the detection system, a priori knowledge of the range and 

velocity of a target would be unknown.   Hence, frequency content or time 

signature of the target would be unknown.   It has been a prime consideration 

in this study to keep the signal processing broadoand in order to detect a 

target whose frequency content may be anywhere in the bandwidth of the 

measuring system.   This is not intended to preclude the possibility of 

departing from broadband processing.   Reducing the bandwidth would be 
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desirable for applications where bounds have been established on the target 

signatures.   Note that in the raw nulls shown in Figures (4-8) and (4-9) the 

signal-to-noise ratios could be improved considerably by removing the low 

frequency ripple through the use of a suitable high pass filter.   Unfortunately 

for real time operation, this might very well result in a system that would 

reject targets that passed at a much slower speed. 

If the magnetic gradiometer is to be used as a 

detection system, another important consideration is whether or not the 

geology filters are time varying.   From the physics of the situation, there 

is no reason to expect the filters to vary with time unless the subsurface 

geology varies.   The results given in Table (4-1) are obtained using geology 

filters operating on the same data from which they were designed.   An 

aposteriori analysis is probably not desireable for a detection system.   It 

is more likely that the filters will be designed and then expected to perform 

on fresh data so that detection can be made in real time.   An analysis of 

the time variability of the geology filters is made by taking the filter 

designed from a particular run and filtering the data from another run.   The 

data from Run No. 1 are not used in this analysis due to a difference in 

equipment between it and the other runs.   All possible combinations of 

filter and data are used for the remaining three runs.   The results, in terms 

of the filtered null variance and the performance figure, are given in 

Table (4-2). 

As expected, the performance figures foi the filtered 

null in Table (4-2) are not quite as good as the performance figures for the 

filtered null in Table (4-1).   On the average there is about 4 dB degradation 

due to using fresh data.   This represents excellent time stability of the 

filter.   Comparing the performance figures in Table (4-2) to the performance 

figure for the raw null in Table (4-1), it is seen that the geology filter pro- 

vides approximately 10 dB improvement in the cancellation of the micro- 

pulsation field. 

^MMH 
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Another interpretation of Table (4-2) Is possible. 

It Is unlikely that the subsurface geology at the measuring site In North 

Manor changed considerably during the time of these measurements.   If 

the geology filters are time invariant, then the results presented in 

Table (4-2) are a measure of the reliability in the estimation of the geology 

filter.   From either viewpoint, it appears that the method of estimation in 

the frequency domain, using constant Q averaging, is an acceptable approach. 

3.   Base Site 

In this section it will be shown how the magneto- 

telluric measurement system itself may be used as a detection system. 

The remote site is not a necessity for this application.   Experimentalists 

in the magnetotelluric area are aware that after a run has been started, it 

is not wise to allow traffic in the vicinity of the sensors.   A passing truck 

can cause a considerable perturbation in the output of the magnetic field 

sensors.   However, the effect is usually small in the output of the electric 

field sensors.   Since the electric field is generated by the time varying 

magnetic field over a very large area, the localized field of an anomaly 

makes little difference in the output the electrode pairs. 

In magnetotelluric analysis the tensor impedance is 

written 

E 
L   y 

z      z 
xx      xy 

Z Z 
yx      yy 

H 

H 

where the dependence on frequency is suppressed.   Estimation of the 

elements of the tensor impedance is made in much the same manner as the 

frequency domain approach for the geology filter.  After estimation, either 

of the above two equations may be used to detect the passage of a magnetic 

anomaly.  An error signal is defined 
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EF(f) E (f)  - ::   (f) H (f) - z   (f) H (f) 
x xx        x xy        y 

or 

E_(f)      -   E (f) - Z    (f) H  (f) - Z    (f) H   (f). 
F y yx       x yy        y 

In the absence of an anomaly signal E (f) is considered as an error trace 

in relating a component of the electric field to the two horizontal compo- 

nents of the magnetic field.   When an anomaly signal is present the 

measured micropulsation fields contain a term which was not accounted 

for in the estimation of the tensor.   Thus the anomaly signal appears in 

the null trace E (f). 

Since the anomaly signal also appears in the vertical 

component of the magnetic field, it is possible to again use a four channel 

system by defining the null as 

Er(f)   =   E  (f) - A(f) H (f) - B(f) H  (f) - C(f) H   (f). 
F x x y z 

A similar expression may be written for the other component of the electric 

field.   There is no difference in form for this null and the one defined for 

the magnetic gradiometer.   The information from the remote site trace HD 

is replaced by the electric field information at the base site. 

Estimation and application of this filter may be 

accomplished using the methods presented and this was done for Run No. 1. 

The performance figure for this filter ^s defined 

PE   =   10 logi0 72 

2 2 
where 0     is the sample variance of the filtered null and a     is the sample 

variance of the electric field component uoed. 
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For this run the performance figure is -23.8 dB.   It 

is not completely understood why this method does not compare more favor- 

ably with the magnetic gradiometer.   Perhaps the electric fields are Just 

naturally more disturbed in this area than are the magnetic fields. 

Channeled currents are also a possibility.   In any case, the performance 

figure here represents a usuable amount of cancellation.   This method 

especially warrants further consideration for the detection application if 

one is prevented, in a tactical situation, from using a remote site. 

V.    CONCLUSIONS AND RECOMMENDATIONS 

This study has resulted in a considerably improved measurement 

system for the magnetic gradiometer.   The noise figure for the measure- 

ment system with the sensors operating at ambient temperature is approxi- 

mately 5 dB at present.   The noise in the measurement system cannot be 

reduced below the thermal noise level of the induction coil sensors.   This 

noise is only 5 dB below the system noise and any improvements of this 

size would permit only a   .egligible increase in detection range.   The 

recent development of cryogenic magnetometers usi.iy superconducting 

elements to sense component fields offers the possibility of significant 

noise level reductions.   Increases in detection ranges appear possible, 

but are accompanied with the attendant operational problems of the 

cryogenic system.   The Electrical Geophysics Research Laboratory has 

cryogenic systems under consideration, but as yet no gradiometer experi- 

ments have been conducted. 

In addition to an Improved data system, it has been shown that the 

detection capabilities of the magnetic gradiometer may be Improved through 

the use of the geology filter.   The improvement that may be obtained depends 

upon the complexity of the load geology.   There are areas, such as the Texas 

Gulf Coast, where the subsurface is very homogeneous.   For these types of 
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gradiometer sites, the geology does not warrant using a filter.   However, 

part of the improvement in detection performance may be attributed to the 

ability of the geology filter to correct for coil misalignment and differences 

in measurement system response.   One might wish to use the geology filter 

for these corrections.   In any case it is a straight forward and inexpensive 

process to estimate the geology filter and the available improvement. 

Aside from its use as a detection system, the magnetic gradio- 

meter provides an excellent tool for the study of the micropulsation source 

field.   In the absence of a target anomaly the filtered null is indicative of 

spatial incoherency in the incident wave.   This question is of considerable 

importance to those interested in magnetotellurics.   There is considerable 

controversey over the spatial uniformity of the source field and perhaps 

one of the reasons is that the geology differences between me measuring 

sites have not been considered in enough detail.   The gradiometer presents 

a technique which accounts for the perturbing effects of the geology. 

The Electrical Geophysics Laboratory has recently been engaged in 

the design of an audio frequency magnetotelluric system.   This system 

should become operational in the very near future.   In addition to the above 

recommendations, it is suggested that the frequency range of the magnetic 

gradiometer may be extended Into the audio region.   A gradiometer, at 

these higher frequencies, should be able to detect smaller objects. 

t^mm 
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APPENDIX 

The performance measure used in this study is the ratio of two 

2 2 
sample variances.   It is assumed that the two variances a    and a    are 

2 
independent random variables.   Let o     have a chi-square distribution 

2 
with n. degrees of freedom and a    have a chi-square distribution with 

1 K 

n„ degrees of freedom.   The random variable F is defined as 2 n1#n2 

0F /nl 

Vn2 oRVn2 

This random variable is the F variable with n  and n   degrees of freedom. 

The probability density function forF is 

P(F) = 

Vn2 
n /2    (n/2) - 1 

m^ + n2)/2] (yn^ 1     F 

rfoj/a) r(n2/2) [i + (n^/^)] 
(n^n^^ 

where T (n/2) is the gamma function.   Percentage points have been tabulated 

for the F or variance ratio distribution.   Limited tables may be found in Bendat 

and Piersol [1]. 

If the true value of the performance measure is P   , the confidence 

interval at the (1 - a) confidence level is obtained from 
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[! F F — F <  P     s —*— F 
T 2      ryr^ - a/2 F       a 2      n1#n2#a/2 

] 

Inspection of the power spectra presented in Figure (5-7) shows 

that the data used in this analysis are not white.   For non-white data, 

Blackman and Tukey [2 ] present a method for obtaining an approximation 

to the equivalent number of degrees of freedom.   The approximation is 

n  = 
2(po + p1 + p2 + ...) 

Po   +P1   +P2 +-" 

where each of the p , p , p ,.., is the power at a given frequency in the 

estimate of the spectrum.   Using this approximation, it is found that the 

equivalent number of degrees of freedom is only 18.   This is a considerable 

reduction from the 8192 degrees of freedom that might be used for the raw 

spectrum. 

Using this equivalent degrees of freedom, n. = n   = 18.   The 

confidence interval at the 90% level, a= 0.10, is 

L     2    1/F18,18,0. 

a. 
< P   ^ 03       F —  F 2    r18 ,18,0.05 J 

■Mi — -     — iitmmä  
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From Table 4.10(a) in Bendat and Piersol, it is found that F10 .-  _  n_ = 2.22, 
io ,1b / U. 1)5 

Thus 

[ 
G 2 a 2 

\ (1/2.22) <PF.\ (2.22) 

with a confidence of 90%.   With these simplifying assumptions about the 

independence and the distributions of the sample variances, the 90% con- 

fidence interval for the performance figures is + 3.4 dB. 

The method of establishing the confidence interval is left open to 

question.   Since the micropulsation data are non-stationary, there is an 

additional degree of uncertainty in the performance figure.   The confidence 

intervals are thus presented as a point of reference; at times they could be 

much better or much worse than the values given.   A more valid approach 

would be to establish experimental confidence levels.   This would require 

a large number of experiments which are, unfortunately, unavailable at the 

present time.   However, on the basis of the data at hand, the values given 

here are not considered totally out of line. 


